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ABSTRACT 

Car manufacturers are more and more concerned 
with the protection of the occupants in lateral impacts. 
Field accident analysis dealing with automotive side 
collisions suggest that the pelvis is very vulnerable, but 
there is a lack of knowledge of the behavior of the pelvic 
bony structure and of its biomechanical tolerance. This 
knowledge however is essential in order to optimize 
protection devices and car structures with regard to the 
security of the occupants. 

An experimental study of the pelvic bony structure 
subjected to static and dynamic loads was carried out in 
order to document its biomechanical behavior and its 
injury threshold. 22 pelves were tested under side loading 
conditions. Displacements, applied force, and local strains 
of the pubic rami were obtained. 

From this study, the main conclusions drawn out 
were: 

- A good agreement is observed between the real life 
observations and those coming from the in-vitro tests. 

- Static fracture threshold is lower in this study than 
those reported for whole body tests, but is closed to Cesari 
static results. 

- The dynamic fracture threshold is well bordered by 
the chosen energy level of impact, and consequently, a 
first corridor including the behavior of the pelvic bony 
structure up to the level of injury is proposed. 

INTRODUCTION 

Side collisions represent 15 to 20% of the 
automotive crashes in which at least one of the occupants 
was injured but are the cause of 25 to 30% of serious and 
fatal injuries encountered in all car accidents. The real 
world crash investigations dealing with lateral impact 
suggest that the pelvis is very vulnerable. The protection 

of the occupants in the case of lateral impact is becoming 
one of the main concerns of the car manufacturers. The 
optimization of protection devices and car structures still 
remains difficult to achieve taking into account the 
behavior of the human body. Since many papers were 
published dealing with the mechanical behavior of the 
pelvis, few data are currently available on the behavior of 
the pelvis, particularly for the isolated bone. The results of 
the present study thus aim at a better understanding of the 
pelvis mechanical behavior. This knowledge is of 
importance in order to design improved crash dummies or 
mathematical models of the car occupants. 

An experimental protocol was thus set up in order to 
reproduce the injuries observed in real life. Ten isolated 
pelvic bones were first tested with a static machine, in 
order to study the overall behavior of the bone structure, 
and to determine the fracture threshold. Then, dynamic 
tests were also conducted on isolated pelves. 12 pelves 
were tested under side loading conditions, using a drop 
tower with an energy of 30 Joules, this energy level 
having been determined from the static fracture threshold. 
The pelves were thus impacted with a falling mass of 3.68 
kg at a speed of 4 m/s. Displacement, accelerations, 
impact force and local strains on the pubic rami were 
obtained. The fractures observed during those tests were 
coherent with those observed in real life. Ramus fractures, 
pelvic ring disruption, or posterior injuries such as sacral 
fracture were observed. For two dynamic tests, no 
fractures were obtained, suggesting that the impact 
conditions were well chosen in order to assess the rupture 
threshold of the pelvis. Furthermore, other parameters 
were obtained, such as the geometrical and some 
histological characteristics of the tested pelves, in order to 
correlate them with the observed behavior of the 
specimens. 
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METHODOLOGY 

Several authors described PMHS tests to study the 
tolerance and the behavior of the pelvic area in side 
impacts. They consisted essentially in the whole body 
subjected to lateral impacts. A high variety of means was 
used, as well as a wide range of mass and impact speed. 
Sled tests were first described by Melvin [17], Kallieris 
[ 121, and Marcus [16]. Recently, Cavanaugh [3] and Zhu 
[29] presented a series of 17 cadaver tests. Impactor tests 
were also realized by Cesari [4-6,221, Nuscholtz [19-211, 
Viano [28], and Chamouard [2]. Finally, Tarriere [27] 
carried out whole body tests using a drop tower. 

On the other hand, tests on isolated pelvic bone were 
rarely described in the literature. Cesari presented four 
static tests on hemi pelves [5], and Scales provided data 
for a F.E. model presented by Plummer [22]. This 
knowledge is however more and more necessary to 
design, provide parameters, and validate mathematical 
models of the pelvis, without taking into account the soft 
tissues. 

Before setting up an experimental protocol, an 
examination of real life injuries is needed, essentially to 
insure us that the test produced fractures are in good 
agreement with those sustained in real crashes. 

In a previous study [lo], a field accident analysis 
was carried out to determine precisely the panel of typical 
injuries observed at the level of the pelvic area in side 
collisions. A series of 219 occupants and 381 injuries AIS 
2+ [l] from the LAB accident database was retained. The 
main advantage of this database is its ability to provide 
both medical description and accident circumstances. All 
the cases were studied, including those involving low 
mass cars, trucks and fixed obstacles. The pelvic area 
injuries sustained in side impacts were selected. Pelvic 
bone fractures, femoral fractures, and low abdomen 
injuries were included. Thus, a complete examination was 
realized for the area comprised between the mid abdomen 
and the mid thigh. 

The pelvic fractures were most frequently found 
(184) followed by the femur fracture (56), and soft tissue 
injuries (106). By order of importance (Figure l), pubic 
fractures were first found (above 50% of all injuries), then 
femur fractures (25%, from which 75% of diaphysis), 
acetabular fracture (12%) and posterior fractures, such as 
sacro-iliac joint and sacral fractures (11%). Pelvic content 
injuries consisted essentially in retroperitoneal 
hemorrhages (10%). 
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Figure 1 : Injuries distribution 
J 

This analysis, focused on injuries selected on the 
pelvic region, is consistent with other available data 
[7,8,11,13,15,18]. 

STATIC TESTS 

The typical pelvic injuries were well identify 
through the previous accident analysis. The following step 
of this study consisted in a series of static tests, in order to 
access the overall behavior of the bony structure, the 
pelvic ring deflexion and the strains at sites of a high 
probability of fractures. 

A reliable loading and a good stability are required 
for the immobilization of each pelvis. An easily 
reproduced position, based on standard anatomic 
landmarks, is also necessary. The positioning was chosen 
to insure stability and to get most of the bone structure 
free when subjected to the load. The line between the two 
anterior superior iliac spines was oriented vertically, 
corresponding to the Y-axis (Figure 2). 

Figure 2 : Anterior view 
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Therefore, each pelvis was placed in a metallic box 
and cast with a low melting temperature alloy (< 60” C), 
the CerrobendB, up to the external edge of the left ischial 
tuberosity. Thus, the pelvic ring and the pubic rami were 
totally free in this configuration. These boundary 
conditions were chosen because they could be easily 
reproduced in a finite element model. 

The force applied to the pelvis was recorded from a 
load cell. Six transducers were used to measure the 
displacements of two points of the pelvic bone according 
to the reference system defined on Figure 3. The point 
“A” is situated at the right anterior inferior iliac spine, 
while point “B” is the superior edge of the pubic 
symphisis. Two plastic balls were screwed into the bone 
to materialize these two anatomical points. 

REFERENCE PLANE OF PELVIS 

v- BOX EDGE 

Figure 3 : Superior view 

Eight strain gages were glued on each side of the 
four pubic rami. A ninth gage was placed on the internal 
side of the iliac wing, 1 cm above the sacro iliac joint, 
These points were determined by the usual location of 
fractures (Figure 4). 

9 

Figure 4 : location of strain gages and A & B points 

10 pelvic bones were tested. They were provided 
from fresh cadavers through the department of anatomy of 

the “Facultt des Saints Peres” in Paris. Nine of them were 
male specimen. The age range from 47 to 86 (mean 67 
years). Metastasis or a long period of bed rest did not 
damage the specimens chosen, except for one of them. 
One of them was frozen and no more data were available. 
Their principal characteristics are reported in Appendix 1. 

Before testing, all the pelves were weighed, and 
their volumes determined by simple methods, so that their 
density can be calculated. Several measures were also 
taken, such as maximum width, diameter of the pelvic 
ring, and distance between iliac spines. In order to 
document as accurately as possible the geometry of the 
tested specimens, a geometrical acquisition was carried 
out on each tested pelvis using a 3D-measuring device. 
The measuring protocol was designed in order to provide 
a classification of the pelves in accordance with the work 
of Reynolds [26]. Thus, a library of 105 points was 
acquired. 

Each pelvis sustained 3 kinds of tests, at a speed of 5 
mm/n-in, with an Instrijn testing machine. A vertical load 
(Y direction) was first applied to the right iliac crest, 
increasing to a maximum of 500 N then returning to 0. 
Subsequently, the right acetabulum was loaded with a 
metallic sphere fitted to its diameter up to 500 N then 
down to 0. Finally, the last test involved increasing the 
load through the acetabulum until fracture occurred. X 
rays were taken to confm and locate fractures. Three 
types of data are available: displacements, strains, and 
stiffness via a force displacement curve. 

RESULTS 

The iliac tests were characterized by effort- 
displacement curves with a high range in terms of Y 
displacement of the iliac wing. Responses varied from 1.6 
mm to 11.8 mm for a loading of 500 N. The highest value 
was observed for the female specimen, for which the 
geometry was quite different (Figure 5). Perpendicular 
displacements were also measured, of the same order of 
magnitude as those in the loading direction. 

1 LOADING ON ILlAC WING (PELVIS 7 & IO)1 
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Figure 5 : Force Displacement curves of 7th & 10th Pelvis 

Pubic symphisis exhibited lower displacements, 
from 0.1 to 2.7 mm for the Y direction (Figure 6). 
Perpendicular values did not exceed 1.2 mm for X & Z 
directions, except for the female pelvis (2.2 & 2.5 mm). 
Complete data are reported in Appendix 2. 

Table 1 : Displacements on Anterior Inferior Iliac Spine 
(A) and Pubic Symphisis (B) for 500 N 

Displacements observed from the acetabular tests 
are lower than those of the iliac loading, and range only 
from 1.2 to 2.5 mm. The 3D analysis of the displacements 
shows that the deformation pattern of the structure is 
complex. Coupled movements of the same order of 
magnitude as those in the loading direction (+Y) are also 
observed (Figure 7), in the posterior anterior (+X) and 
vertical (-Z) directions. Complete data are reported in 
Appendix 3. 

LOADING TROLIGHT ACETASULUM (PELVIS 7) 

Figure 6 : Force Displacement curves of Pelvis 7 

Point AIIS PS I 
Direction I dX I dY I dZ I dX I dY I ( dz 
Min (mm) 0.3 1.2 -2.1 0.4 0.4 -1 
Max (mm) 2.4 2.5 -0.4 1.6 1.8 0.3 

Mean(n=lO) 1 1.7 -1.1 0.9 0.9 -0.4 
Cne 

500 N 
Table 2 : Displacements on Anterior Inferior Iliac SI 

(A) and Pubic Symphisis (B) for : 

The pubic symphisis exhibits a displacement in the 
same direction as those of the acetabulum, but of half the 
magnitude (Figure 8). Finally, one can see that the highest 
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displacement at the level of the pubic symphisis is often 
observed in the posterior anterior direction. 

i DlSPLACEMENTS XYZ for point Ai 

46 L .‘. . . . I.. . . . . . . . ..Y... . . . I . . . 
Effort IdaN) 

Figure 7 : Disnlacement curves for Ant Inf. Iliac Snine 

1 DISPLACEMENTS Xn for f,dnt B ) 

Figure 8 : Displacement curves for Pubic Symphisis 

Strain gages 
As far as the strains are concerned, it can be noted 

that all external pelvic strains measured negative values 
(compression) while all internal pelvic strains are positive 
(traction). This observation can be related to the postero- 
anterior displacement of the pubic symphisis. A 
symmetrical distribution of the stresses can be observed 
for the two ilio pubic rami, which was not found for the 
ischio pubic rami. 

The following curves (Figure 9) from fracture tests 
show the behavior of the 10 pelves loaded through 
acetabulum. Fracture occurs for maximum forces ranging 
from 1100 to 3450 N (mean 1750 N), and for 
displacements ranging only from 3.5 to 7.5 mm (mean 5.2 
mm). The highest displacement for the pubic symphisis 
was often observed for the posterior anterior direction, 
particularly before the fracture occurred. 



FRACTURE TESTS THROUGHT ACETABULUM 
EFFORT (daN) 

DISPLACEMENI (mm) 

Figure 9 : Force-displacement curves from fracture tests 

The load displacement curves enable the 
computation of a “pseudo-stiffness” of the structure, 
defined as the ratio between the load and the 
corresponding displacement (slope of the curve). The 
results of the tests show a significant difference between 
the stiffness computed for the load on the acetabulum 
(denoted Ka), and the pseudo stiffness for the load on the 
iliac wing (denoted Ki). The greatest ratio between Ka 
and Ki was found for the female specimen (pelvis 7), for 
which displacements of the iliac wing were the highest. 
The others pelves exhibited ratios from l/2 to l/3. 

I 1 SO1 1 SO2 1 SO3 1 SO4 1 SO5 1 SO6 1 SO7 1 SO8 1 SO91 SIO 1 

Acetabulu 403 254 416 423 337 249 201 227 231 333 
m  

Iliac Wing 206 129 211 ‘206 155 72 46 88 141 105 
I 

Table 3 : Stiffness Comparison (N/mm) 
I 

DYNAMIC TESTS 

The first results, together with a few computer 
simulations, enabled us to estimate the loading energy 
necessary to obtain an injury. Nevertheless, the dynamic 
behavior of the pelvis is not well known when the pelvis 
is subjected to an impact. A new series of 12 pelves was 
carried out to access the biomechanical characteristics of 
the pelvic bone, without soft tissues or pelvic content. 
Thus, 12 isolated pelves were tested under side loading 
conditions, using a drop tower with an energy of 30 
Joules. The positioning of each pelvis was previously 
described for static loads, and applied in a same manner 
for the dynamic procedure (Figure 2). The energy level 
was determined from static fracture thresholds. The pelves 
were thus impacted with a falling mass of 3.68 kg at a 
speed of 4 m/s. 

A drop tower was used for these tests (Figure 10). It 
consisted of a falling mass guided between two rails 
which enables impact speed around 4 m/s. 

DROP TOWER 

Displacement Sensor 

1 

\ 

/ 

Falling Sled 

Figure 10 : Schematic view of the testing set-up. 

The falling mass was fitted with two accelerometers, 
the first one to calculate acceleration, force and 
displacement during the impact. The second one was used 
to determine precisely the impact speed. A good 
correlation was found between these two sensor values at 
the moment of the impact. 

A displacement sensor was also used to measure the 
pelvis deflection. 

A metallic ball was fitted into the right acetabulum, 
to distribute the load on the whole joint surface. Its 
diameter was chosen by the preliminary geometric 
measurements. An accelerometer was included in this 
sphere to know its kinematics and calculate the force 
applied to the acetabulum. At the time of first impact, 
only the impacting mass and the impacted sphere were 
involved, and the high peak force, due to the contact, did 
not reflect the biomechanics of the pelvis. Thus the 
applied force was computed from both the falling mass 
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accelerometer and the sphere accelerometer, as follows 
(Figure 11): 

F, = M,,, x a%,,, + Wphere x aCCsphere 

/ Ml 1 IMPACTOR 

x PADDING 

i M2 I SPHERE 

CARTILAGE 

PELVIS 

Figure 11 : simplified model of the experimental set-up 

To avoid direct contact between two metallic 
surfaces, a 1 l-mm thick silicon padding was set at the 
inferior side of the falling mass. The deflection of this 
silicon padding was calculated and reached X2 % of its 
thickness. This padding played the role of a physical filter 
and thus the raw data were used for the accelerometers. 
So, direct measurement by displacement sensor cannot be 
used. But, another advantage of using this internal 
accelerometer is to calculate directly the deflection by 
integrating twice the signal. So this data can be used to 
establish behavior curves. 

This experimental set-up was verified by several 
tests on a padding surface, which was calculated to 
simulate the behavior of a human pelvis, in terms of 
acceleration and displacement. The results obtained are 
illustrated by the following figure (Figure 12). 

1 ; 

Figure 12 : Impact force with the experimental model 

In addition, four strain gages were glued on the 
external side of each pubic ramus (Figure 13). The 

number of gages was reduced compared to those used for 
static tests, because information provided for internal and 
external sides of the same ramus was redundant. These 
strain gages were oriented along the main axis of the 
ramus. They were not used to measure stress precisely, 
but to compare the behavior of one ramus to the others. 
Nevertheless, they can be used to determine the moment 
of the fracture for each ramus. 

All these tests were recorded at a 10 kHz sampling 
rate. 

Only one impact was delivered on the acetabulum 
through the metallic sphere. The choice of a single impact 
on the acetabulum was deduced from static tests. The 
stiffness of the pelvic ring in side loading, at least twice 
than those of the iliac wing, represents the major stiffness 
of the pelvic ring. Previous cadavers tests presented 
elsewhere, for which a double pelvis impactor was used 
[lo], confirmed this difference of stiffness. 

I.-., -z’ 

Figure 13 : positioning of the pelvis and location of the 
strain gauges. 

Twelve pelvic bones were tested. They were 
provided from fresh cadavers through the department of 
anatomy of the “Faculte des Saints Peres” in Paris. Five of 
them were male specimens. The age ranged from 62 to 81 
(mean 70 years). Metastasis or a long period of bed rest 
did not damage those cadaver bones. They were all stored 
at -18 “C before tests. A careful dissection kept 
undamaged the ligaments, especially posterior ligaments. 

I I I I 

Table 4 : Main characteristics of the dynamic pelves. 
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A geometrical acquisition was also carried out on 
each tested pelvis using a 3D-measuring device, as 
described for static tests. X-rays for each pelvis were also 
taken to archive an image and to be sure that a previous 
fracture or metastasis did not damage the pelvis. 

For the isolated pelvic bone, the impact energy was 
calculated to reach 30 Joules. This value was deduced 
from static tests, and represents the mean energy to obtain 
ramus fractures. The falling mass was adjusted to 3.68 kg, 
and the height calculated for an impact speed close to 4 
Ill/S. 

After each test, the pelvis was subjected to a careful 
observation in order to document the injuries. X-rays 
(antero-posterior, oblique and lateral) were taken and 
archived. They will be useful to compare the real life data 
with the experimental results. 

RESULTS 

Each pelvis was tested only once. 2 of them were 
intact after the impact. The 10 others exhibited a great 
variety of fractures from a single pubic ramus fracture to 
the complete pelvic crush. This first observation enabled 
us to confirm that the energy level was well chosen in 
order to approach the fracture threshold of the pelvis. 
These fractures, when occurring, were similar to those 
observed in the previous accidental study or in the 
literature. They are described in Appendix 6 and 
summarized in Table 5. 

Fractures of one or two pubic ramus 4 
Fractures of pubic ramus associated with 4 

posterior fracture (sacrum) 
No fracture 2 

Fractures of ilio pubic ramus extended to the 
acetabulum 

1 

Fractures of three or four pubic ramus 1 
Table 5 : experimental results in terms of produced 

fractures. 

Only pelves, which sustained posterior and anterior 
fractures, exhibited a high permanent displacement, 
always exceeding 10 mm (the maximum being over 70 
mm). Pelves exhibiting only pubic fractures presented no 
or low permanent displacement after the test (less than 5 
mm>. 

For the purpose of analysis, 3 groups were 
constituted: the first one without any fracture (2 pelves), 
the second one with only anterior fractures (6 pelves) and 
the last one with both anterior and posterior fractures (4 
pelves). 

One the other hand, the behavior curves were 
correlated to the three groups (Figure 14). Typical aspects 
were observed. The group without fracture is 
characterized by a high peak force and a displacement less 
than 5 mm, while the group of crushed pelves presented a 
high displacement with a low peak force. - 

COMPARISON BETWEEN 3 KIKDS OF BEHAVIOR 

Figure 14 : behavior’s patterns of the tested pelvic bones. 

When a fracture was observed, the maximum force 
did not occur simultaneously with the maximum 
displacement. Actually, displacements at the instant of 
first fracture never exceeded 10 mm. Posterior injuries 
always occurred after anterior fractures. No significant 
correlation was found between force max and 
displacement at the moment of Force max. Complete data 
are reported in Appendix 6 

Maximum force and maximum displacement for 
each test are summarized in the following graph (Figure 
15). Three areas can be determined, and related to the 
anatomical damages, as defined before. 

Figure 15 : classification of the pelves with regard to the 
ratio betsveen the maximum displacement and the 

maximum force. 

Data obtained from strain gages were also examined 
(Figure 16). The strain gages were oriented along the 
main axis of each ramus. A high range of responses was 
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observed. Right and left ilio pubic rami exhibited 
symmetrical signal during the impact, from 0.2 % for tests 
without pubic fracture to 1.2 % for tests with pubic 
fracture. For the ischial gages, the lowest value reached 
0.1 % and never exceeded 0.8 %. It was assumed that the 
maximum of the strain curve was contemporaneous with 
the beginning of the rupture of the bony structure. A more 
detailed analysis still remains to be done in order to 
classify, when multiple fractures occurred, the order of 
occurrence of the different injuries. 

cumulative frequency 

% deformat” 

Figure 16 : Cumulative frequency of maximum strain for 
each pubic ramus 

HISTOLOGICAZ, STUDY 

Complementary studies were carried out in order to 
correlate the response of the pelvis with other parameters: 
geometry, bone mineral content and thickness of the 
cortical bone. A first approach was achieved for the static 
pelves, for which the bone mineral content was studied. 
The histological characterization of the specimens was 
obtained after inclusion in a polyester plaster. Each pelvis 
was sliced parallel to a reference plane (Figure 17) based 
on the foramen superior. Sixteen to 20 slices were 
obtained, according to the height of each pelvis. The 
thickness of the cortical bone was studied, and the mineral 
content of each slice determined by calcination. This 
method enabled us to access the overall mineral content as 
well as the mineral content of the sacrum, the iliac wing 
or the pubic rami. Furthermore, the mineralization of each 
ischio-pubic ramus by its length was calculated as an 
index (C/L) for the analysis. 

Figure 17 : Foramen Superior 

A multiple regression analysis, including 
geometrical, mechanical and histological parameters, was 
performed with the results of the previous static tests. 

Prediction (N/mm) 

300 I I I/ I I 

150 1/,I 

150 200 250 300 350 400 450 

Experimental Stiiness (N/mm) 

Figure 18 : Predictive fonction of the pelvic ring stiffness 

A predictive fonction of the pelvic ring stiffness was 
first found, with only 3 parameters, with a R-squared, 
ajusted for degrees of freedom up to 90 % (Figure 18): 

SPR = 619.71 + 0.95*M - 0.29*V - 319.22*(X 
Where: 
SPR = stiffness of the pelvic ring. 
M = pelvic overall mineralization. 
V = total volume. 
C/L = index of ischio-pubic ramus mineralization. 

Since the P-value is less than O,Ol, there is a 
statistically significant relationship between these 
variables at the 99% confidence level. This relationship 
can be improved by adding the pelvis density as follows 
(Figure 19): 

1419 



SPR = 115 + 416*D + 0.81*M - 0.24*V - 
326.74*C/L 

Where: 
D = density of the pelvic bone. 
The adjusted R-squared statistic for this enhanced 

fonction is 93,75 %. 
Predicted Stiffness (N/mm) 

150 200 250 300 350 400 450 

Experimental Stiiness (N/mm) 

Figure 19: Enhanced predictive fonction of Stiffness 

Another multiple regression analysis was performed, 
using the maximum force applied for a pelvic static 
fracture. First results, which are less significant than those 
from the stiffness, incited us to take into account 2 pelves 
(Figure 20). The first one is the female specimen, while 
the second is a 47-year-old specimen. Since variables as 
“ age ” and “ gender ” could be explained by others 
parameters such as thickness of the cortical bone, or 
geometry, for example, experiments on a wider sample 
are necessary to conclude. 

Force Max Prediction (N) 

19oil 2400 2900 3400 

Experimental Force Max (N) 

Figure 20: Maximum static force, measured & predicted 

DISCUSSION 

Several points can be noted for the static tests. The 
following comments can be made regarding the 
biomechanical aspect of the pelvic static behavior: 

1 - Fracture threshold levels are lower in this study 
than those reported for whole body tests, but could be 
compared to Cesari static tests [5]. 

2 - Both displacement curves and strain gages show 
the specific behavior of the pubic symphisis, which can 
explain the mechanism of fracture. 

As far as the anatomical aspect is concerned, it 
should be noted that: 

1 - There is a lack of posterior injuries (i.e. sacro 
iliac disjunction), and opposite fractures. 

2 - These experimental fractures were not well 
detected by X-rays. 

The low thickness of the cortical bone of the pubic 
rami in this series, as well as the slow loading of the 
structure, and the removal of the load when the measured 
force began to decrease, can explain these observations. 

Finally, the specific behavior of the female 
specimen should incite to study the influence of male and 
female geometry on mechanical responses. 

On the other hand, varied fractures obtained from 
the dynamic tests are consistent with those observed in 
real life accidents. It was checked that the boundary 
conditions did not influence the results. Indeed, no 
fractures were observed near the interface between the 
pelvic bone and the low melting point alloy. 
Furthermore, a fmite element study, using a published 
model [24], enables us to simulate different boundary 
conditions. Three different cases were examined, as 
follows: 

- Loading with a metallic sphere in the acetabulum 
and the same immobilization as in the experimental tests. 

- Loading with a metallic sphere and immobilization 
of a sphere fitted to the symmetrical acetabulum. 

- symmetrical loading with two spheres in the 
acetabula. 

No significant differences were found between the 
simulation results, thus confirming that the chosen 
boundary conditions were well adapted to this test. 

A great range of responses was observed for those 
12 pelves tested with a constant energy of 30 Joules. 
Displacement, applied force, local strains and fracture 
threshold were obtained. Applied force, from 1550 to 
5600 N, was higher than those measured for static tests. 
Displacements at the moment of the fracture never 
exceeded 10 mm, which is close to those obtained for 
static tests. As those tests were performed with a constant 
energy, these results depend essentially on the geometrical 
characteristics and material properties. 
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Furthermore, more information was collected 
concerning both geometrical and histological data. It is 
expected that the most important parameters will be the 
thickness of the cortical bone and the bone mineral 
content, followed by the geometrical characteristics. A 
finite element simulation study is underway in order to 
assess the relative influence of these parameters and will 
be correlated with the results of the present study. These 
preliminary results, obtained from 12 pelvic bones tested 
on a drop tower, enable a first approach of an injury 
threshold on isolated pelvic bone (Figure 21). 
Displacement curves, force-time curves, as well as 
behavior curves from force and displacement, contributed 
to establish a tolerance levei of the pelvic bone subjected 
to a side impact loading condition. 

FORCE (N) 
6000 FORCE TIME RESPONSE 

5000 

-1000 I I I I I 1 
-2 0 2 $ 5 a 10 rrLE 

TIME (ms) 

Figure 2 1 : experimental corridor. 

CONCLUSION 

This study enables us the assessment of the injuries 
sustained by a pelvis loaded in side impact conditions. 
The correlation between field accident studies and the 
experimentally reproduced injuries is a first step in the 
description of the injury mechanisms and of the tolerance 
of the pelvic bone. This knowledge is of particular interest 
for the optimization of protectipn devices and car 
structures as well as for the dimensioning of dummies or 
the definition of biofidel human models. 

Complementary studies are yet underway in order to 
correlate the dynamic response of the pelvis with other 
parameters: geometry, bone mineral content and thickness 
of the cortical bone. In the course of this study, these 
parameters were planned to be documented. A wide 
geometrical database is now available and will be soon 
presented. The histological characterization of the 
dynamic specimens is also underway. Those pieces of 
information will thus be available for all the tested 
specimens, and further analysis will enable to draw out 
some correlation between geometrical, mechanical and 
histological data. 

The assessment of the protection level must be 
provided for vehicle occupants in terms of pelvic 
resistance. All these studies will provide quantitative 
information suitable for the assessment of the efficiency 
of side impact protection devices. 
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APPENDIX 

Appendix 1 : Characteristics of the 10 static pelves 

Appendix 2 : Displacements for iliac tests up to 500 N 

Appendix 3 : Displacements for acetabular tests up to 500 N 
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Pelvis number 
Sl 
s2 
s3 
s4 
s5 
S6 
s7 
S8 
s9 

SlO 

Injuries 
Right Ilio & ischio-pubic rami + sacrum 

Right Ilio & ischio-pubic rami 
Right Rio & ischio-pubic rami 
Right Ilio & ischio-pubic rami 
Right Ilio & ischio-pubic rami 
Right Ilio & ischio-pubic rami 
Right Rio & ischio-pubic rami 
Right Ilio & ischio-pubic rami 
Right Ilio & ischio-pubic rami 
Right Ilio & ischio-pubic rami 

Appendix 4 : Main results of the static tests 

Appendix 5 : Main characteristics of the dynamic pelves 

Appendix 6 : Main results of the dynamic tests 
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